To find novel short coding sequences from accumulated full-length cDNA sequences, proteomic analysis of small proteins expressed in human leukemia K562 cells was performed using high-resolution nanoflow liquid chromatography coupled with electrospray ionization tandem mass spectrometry. Our analysis led to the identification of 54 proteins not more than 100 amino acids in length, including four novel ones. These novel short coding sequences were all located upstream of the longest open reading frame (ORF) of the corresponding cDNA. Our findings indicate that the translation of short ORFs occurs in vivo whether or not there exists a longer coding region in the downstream of the mRNA. This investigation provides the first direct evidence of translation of upstream ORFs in human cells, which could greatly change the current outline of the human proteome.
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In parallel with human genome sequencing projects (Lander et al. 2001; Venter et al. 2001) , the accumulation of sequence data of human full-length cDNAs has also been proceeding. The "RefSeq collection" (NCBI) provides us with representative resources of curated human full-length cDNAs, and the protein-coding sequence (CDS) of each cDNA is defined in the RefSeq database (Pruitt and Maglott 2001) . Now a total of 19,995 proteins are stored in the RefSeq curated human protein database (as of January 27, 2004) , and 19,271 (96.4%) of them are longer than 100 amino acids. This indicates that small proteins with Ϲ100 amino acids are only a limited fraction of all the proteins annotated in the RefSeq database.
According to the typical translation model, a 40S ribosomal subunit is first recruited to the cap structure of mRNA and linearly scans the 5Ј-UTR for the initiator ATG. When it recognizes the initiator ATG, it pauses until a large 60S subunit joins, and the complete ribosomal complex starts translation (Kozak 1989) . Therefore, the most upstream ORF should be translated according to this model, much more with a good context around its ATG codon as previously analyzed (Kozak 1999) . Some previous studies have reported that the short ORF in the 5Ј-untranslated region (UTR) functions as a regulator of the translation of its downstream CDS (Morris and Geballe 2000; Meijer and Thomas 2002) . It has been considered that such translational control would be limited to some genes or conditions. However, the previous large-scale analyses focusing on the 5Ј-UTRs of human fulllength cDNA sequences showed that 41%-49% of them had at least one ATG codon upstream of the CDS (Peri and Pandey 2001; Yamashita et al. 2003) . This means that there are potential short coding regions in the 5Ј-UTRs of many genes if this classical model, indeed, represents a general mechanism of translation initiation. To our knowledge, few reports have presented evidence of the translation of upstream ORFs in vivo (Diba et al. 2001) . Although there are also some mechanisms by which the ribosomal complex may evade the translation from the first ATG codon, such as leaky scanning (Kozak 1999) and IRES (internal ribosome entry site)-dependent translation (Meijer and Thomas 2002) , we expect that the small proteins encoded by upstream ORFs in 5Ј-UTRs exist in vivo.
With a view to finding novel short upstream CDSs in accumulated cDNA sequences, we performed a proteomic analysis of small proteins expressed in vivo using direct nanoflow liquid chromatography (LC) coupled with the electrospray ionization (ESI)-tandem mass spectrometry (MS/MS) system (Natsume et al. 2002) . This LC instrument can separate peptides and introduce them into a mass spectrometer with limited diffusion, leading to more sensitive detection than can be achieved with conventional LC systems. We aimed to identify novel short CDSs by searching not only against the RefSeq curated cDNA database but also against our in-house FLJ-unique cDNA data set, which contained as many as >10,000 full-length cDNA sequences that had no hit against the RefSeq cDNAs (Ota et al. 2004 ).
Here we report the proteomic analysis of small proteins (Ϲ100 amino acids in length) expressed in human chronic myelogenous leukemia K562 cells. Our analysis led to the identification of 54 proteins in total, including four novel ones. Very intriguingly, these novel small proteins were all derived from the short ORFs in the presumed 5Ј-UTRs.
other hand, the small proteins enriched by extraction in acid solution were digested directly without PAGE separation (see "MS Sample Preparation 2" in Methods). After concentrating the peptide mixtures prepared by each of the two methods, we applied them to the nanoflow LC-MS/MS system.
We first tried identifying small proteins (Ϲ100 amino acids in length) by searching against the RefSeq curated human "protein" database (NCBI). Accordingly, 36 proteins were identified from the gel-separated samples, and 23 proteins were identified from the acid-extracted samples. In total, 50 proteins (with nine overlaps) were identified out of 724 proteins (Ϲ100 amino acids in length) stored in the RefSeq protein database (as of January 27, 2004; see Supplemental table) . The range of amino acid length of the identified proteins was from 44 to 100. The list included various kinds of small proteins, such as ribosomal proteins, transporters, transcriptional regulators, cell cycle regulators, spliceosome components, and proteins involved in energy metabolism. We also found several function-unknown proteins expressed in K562 cells.
Next, to search for novel short CDSs that were not annotated in the RefSeq curated human protein database, all the MS/MS data that had no hit against RefSeq proteins were then searched against all the ORFs (in all three reading frames) of the RefSeq curated cDNA database and of our inhouse "FLJ-unique" cDNA data set. As a result, four novel translated ORFs were identified (Table 1) . Three of them were derived from RefSeq cDNAs, whereas the other was from an FLJ cDNA. As an example, the MS/MS spectrum matching the NM_015532 novel short CDS is shown in Figure 1A . An intense string of as many as 10 ions from the y ion series resulted in an excellent match for the corresponding peptide. The other peptides listed in Table 1 also yielded comparable search results, indicating the translation of these short ORFs. Moreover, the identification of the NM_015532 novel short CDS was also shown by matching of another peptide (Fig. 1B) . This evidence gives us additional support for the presence of this novel CDS, which is also the case with the NM_005770 novel CDS (Table 1).
In Figure 2 , we show the location of these novel CDSs within each corresponding cDNA. Interestingly, all the novel CDSs are located upstream of the longest ORF. Three of them overlap with each longest ORF, whereas the other is distant. A nucleotide deletion or insertion arising from a sequencing error can cause an erroneous short ORF to be produced from the longest ORF by a frameshift in the reading frame. Also, there might be splicing variants that can result in the fusion of the short ORF to the longest ORF. Therefore, careful confirmation of the corresponding nucleotide sequences was needed.
Here we tried aligning the EST data corresponding to the NM_015532 novel short CDS. As this novel short CDS is located near the 5Ј-end of the mRNA as shown in Figure 2 , we aligned the 5Ј-end cDNA sequence data provided by the "oligo-capping" method, which was previously established by us for collecting accurate 5Ј-end nucleotide sequences from the mRNA start site (Suzuki et al. 1997 (Suzuki et al. , 2001 ). The multiple alignment of the sequence data of 11 corresponding cDNAs from 10 different resources showed no alternative splicing pattern over the entire region of this short CDS and a complete match for NM_015532 
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Cold Figure 3A (the detailed sequence data can be seen at DataBase of Transcriptional Start Sites; DBTSS; Release 3.0; http://dbtss.hgc.jp/; Suzuki et al. 2002) . As for the other three novel short CDSs, accumulated EST evidence showed that there were also no frameshift or alternative splicing variants that indicated the existence of a fused and longer ORF.
Furthermore, comparative sequence analysis of the NM_015532 novel CDS and its mouse ortholog counterpart showed 86% DNA identity with 16 conservative changes and 15 nonconservative ones over the aligned ORFs (261 nt in length), resulting in 85% identity and 95% similarity across the entire length of their deduced amino acid sequences (86 amino acids in length; Fig. 3B) . Evidence of such a high degree of evolutionary sequence conservation indicates functional constraint on this novel short CDS. Table 2 shows that the NM_005770 upstream CDS is also functionally constrained, whereas that of NM_016215 is relatively loosened. As for that of NM_005770, the previous study has indicated that it shares homology with the protein encoded by a candidate modifying gene for spinal muscular atrophy (Scharf et al. 1998 ).
DISCUSSION
Our proteomic analysis of small proteins expressed in K562 cells has enabled us to reveal the existence of the proteins encoded by upstream ORFs in 5Ј-UTRs. To our knowledge, this is the first direct evidence of translation of upstream ORFs in human cells. There were only four upstream short CDSs identified in our analysis, while leading to the identification of 50 RefSeq-annotated proteins. One of the reasons might be that some parts of upstream ORFs would not be efficiently translated in K562 cells because of the poor Kozak's context around their ATG codons. The previous studies indicated that 37%-57 % of the upstream ATGs in the 5Ј-UTRs had an unfavorable Kozak's context around the ATG codon (Kozak 1987; Suzuki et al. 2000) . Secondly, our recent analysis also indicated that approximately three-fourths of the upstream ORFs analyzed were shorter than 40 amino acids (Yamashita et al. 2003) . Considering that the smallest protein identified from the RefSeq curated database is 44 amino acids in length, it is very possible that such very small proteins were out of the detectable range in our analysis. They would be lost while preparing the samples for MS analysis.
However, these reasons from the statistical point of view cannot by themselves fully explain why there were no more than four proteins identified among thousands of upstream ORFs. One of the other possibilities is that many of the proteins derived from upstream ORFs might be selectively proteolyzed in the cells. Secondly, there might be some mechanisms that allow ribosomes to avoid the translation of upstream ORFs. Although IRESdependent translation can permit ribosomes to directly enter a downstream site without encountering an upstream ATG, the previous studies have estimated that this mechanism would be applied to a limited fraction of genes (Meijer and Thomas 2002) . There might exist another mechanism that enables ribosomes to escape the translation of an upstream ORF. Thirdly, the transcripts expressed in K562 cells might not reflect the corresponding cDNA sequences stored in the database. Our previous largescale analysis on the 5Ј-UTRs has shown that the transcription start sites of many genes are more dispersed than was previously believed (Suzuki et al. 2001) . Thus, it is likely that there are many genes whose transcripts in K562 cells have a shorter 5Ј-UTR that lacks an upstream ATG. Further analysis will be required to clarify this point.
Mapping of the novel short CDSs onto the corresponding full-length cDNAs indicates that three of these CDSs (but not the NM_005770 short CDS) use the most upstream ATG as an initiation codon (Table 1 ). As to the NM_005770 short CDS, the sixth ATG corresponds to its translation start site on the cDNA sequence of NM_005770. However, the accumulated oligo-capped 5Ј-end cDNA data of this gene obtained from various types of human tissues and cell lines uniformly showed the existence of the short transcript form whose first ATG corresponded to the initiation codon of this novel CDS (see the sequence data at DBTSS [Release 3.0]; http://dbtss.hgc.jp/). This indicates that this gene has two alternative transcript forms and the majority is the shorter one. Thus, it is very possible that translation of this short CDS initiates from the first ATG of the corresponding short transcript in K562 cells. In the conventional mechanism of translation initiation, the first ATG should be recognized as an initiation codon (the first ATG rule; Kozak 1989) . Our finding of these four upstream CDSs is supportive evidence for this rule. In addition, the classification on the probable translation initiation sites of the small RefSeq proteins identified in our analysis shows that 42 (84%) out of the 50 listed proteins use the first ATG as an initiation codon (see Supplemental table) . These results indicate that the small proteins relatively abundant in K562 cells were mainly produced according to the first ATG rule. Much more evidence of the translation of upstream ORFs could demonstrate that the translation from the first ATG generally occurs, indeed.
As for NM_015532, NM_016215, and AK057257, the splicing junctions are left downstream of the translation termination site of each upstream CDS. The nonsense-mediated decay (NMD) pathway triggers the degradation of the transcripts holding exon junction complexes (EJCs), which should be removed by a migrating ribosome during the process of translation (Maquat 2004) . Therefore, these transcripts are considered to be susceptible to degradation by this pathway. Translation of the downstream longest ORF can protect the transcripts from degradation through removal of the remaining EJCs. As described in Table 2 , the longest ORFs of the three RefSeq genes are highly conserved between human and mouse and the mouse ortholog corresponding to that of NM_016215 has been characterized as an endothelial repressor of smooth muscle cell migration (Soncin et al. 2003) . As for the longest ORF of AK057257, it shares strong homology with ␣-tubulin, which also indicates its functionality (data not shown). The investigation on whether the translation of these downstream longest ORFs occurs in K562 cells will be needed to consider this point.
Further explorations based on mass spectrometric analysis will lead to the identification of more short CDSs through improvement of the method for the fractionation of small proteins or through sophistication of the LC system to acquire more MS/ MS spectra. The analysis of small proteins expressed in other cultured cells or tissues will also reveal the existence of those expressed in a tissue-specific manner. Accumulating evidence of the translation of upstream short ORFs will make it possible for us to obtain a clearer outline of translatable regions of numerous mRNA species and help us to determine the real size and contents of the human proteome.
METHODS Cell Culture
Human chronic myelogenous leukemia K562 cells were grown in RPMI/ 10% dialyzed FCS to a density of 1 ‫ן‬ 10 6 cells/mL, harvested, and washed three times with PBS.
MS Sample Preparation 1
Harvested K562 cells (5 ‫ן‬ 10 6 ) were lysed in lysis buffer (50 mM Tris-HCl at pH 7.6, 0.5 % [w/v] Triton X-100, 150 mM NaCl) supplemented with protease inhibitor cocktail Complete mini (Boerhinger Mannheim) and centrifuged for 10 min at 12,000 rpm at 4°C. The obtained supernatant was separated by SDS-PAGE with a 14% lower gel. The part of the lane corresponding to <∼17 kDa was cut into small pieces, and the proteins in the gel pieces were digested overnight at 37°C with 25 pmoles of trypsin, sequencing-grade (Roche Diagnostics) in 20 mM Tris-HCl (pH 8.8). These procedures were performed according to the previously described method (Shevchenko et al. 1996) . The peptides were extracted from the gel pieces with a total of 300 µL of 50% (v/v) acetonitrile/5% formic acid by sonication and concentrated to ∼50 µL using a centrifugal vacuum concentrator. After the sample was desalted using a ZipTip (C 18 ; Millipore), the peptides were eluted with 50 µL of 70% (v/v) acetonitrile/0.1% (v/v) formic acid and again concentrated to a final volume of 5 µL.
MS Sample Preparation 2
Harvested K562 cells (5 ‫ן‬ 10 8 ) were boiled for 10 min at 95°C to inactivate proteases. The cells were then lysed in 1 M acetic acid using a Dounce homogenizer on ice and centrifuged for 10 min at 12,000 rpm at 4°C. After eliminating salts and other lowmolecular-weight contaminants from the supernatant using a PD-10 Column (Amersham Biosciences) filled with Sephadex G-25, one-hundredth of the protein-enriched fraction was digested overnight at 37°C with 25 pmoles of trypsin in 20 mM Tris-HCl (pH 8.8). After the sample was desalted using a ZipTip (C 18 ), it was processed in the same way as described above for MS Sample Preparation 1.
Automated Nanoflow LC-MS/MS Analysis and Protein Identification by Database Search
The peptide mixtures were analyzed using a high-resolution nanoflow reversed-phase capillary LC coupled with an electrospray quadrupole time-of-flight (Q-TOF) tandem mass spectrometer (Q-Tof-2; Micromass Ltd.). The acquired MS/MS spectra were converted to text files of peak lists and processed using the Mascot algorithm (Matrix Science Ltd.) with a maximum tolerance of 500 ppm in MS data and 0.5 Da in MS/MS data against each database. The RefSeq databases were downloaded periodically from the NCBI ftp site (ftp://ftp.ncbi.nih.gov/refseq/). The FLJunique cDNA data set was prepared and characterized as previously described (Ota et al. 2004) . The results based on the RefSeq data were finally reviewed according to the RefSeq information as of March 5, 2004. 
